Memory consolidation has been proposed as a function of sleep. However, sleep is a complex phenomenon characterized by several features including duration, intensity, and continuity. Sleep continuity is disrupted in different neurological and psychiatric conditions, many of which are accompanied by memory deficits. This finding has raised the question of whether the continuity of sleep is important for memory consolidation. However, current techniques used in sleep research cannot manipulate a single sleep feature while maintaining the others constant. Here, we introduce the use of optogenetics to investigate the role of sleep continuity in memory consolidation. We optogenetically targeted hypocretin/orexin neurons, which play a key role in arousal processes. We used optogenetics to activate these neurons at different intervals in behaving mice and were able to fragment sleep without affecting its overall amount or intensity. Fragmenting sleep after the learning phase of the novel object recognition (NOR) task significantly decreased the performance of mice on the subsequent day, but memory was unaffected if the average duration of sleep episodes was maintained at 62-73% of normal. These findings demonstrate the use of optogenetic activation of arousal-related nuclei as a way to systematically manipulate a specific feature of sleep. We conclude that regardless of the total amount of sleep or sleep intensity, a minimal unit of uninterrupted sleep is crucial for memory consolidation.
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Fragmenting sleep after the learning phase of the novel object recognition (NOR) task significantly decreased the performance of mice on the subsequent day, but memory was unaffected if the average duration of sleep episodes was maintained at 62-73% of normal. These findings demonstrate the use of optogenetic activation of arousal-related nuclei as a way to systematically manipulate a specific feature of sleep. We conclude that regardless of the total amount of sleep or sleep intensity, a minimal unit of uninterrupted sleep is crucial for memory consolidation.
nonrapid eye movement sleep | rapid eye movement sleep A lthough much has been learned about how sleep is regulated, there is still no consensus on the function of sleep. One hypothesis is that sleep is needed for memory consolidation (1) (2) (3) (4) (5) . Testing this hypothesis has been confounded by sleep deprivation methodologies which are drastic manipulations affecting the overall activity of neuronal networks, including cellular energy demand (6, 7) , protein synthesis (8) , levels of free radicals (9) , and specific synaptic changes (10) . In many cases sleep deprivation also induces a stress response (11, 12) , which itself has been shown to affect memory (4, 13) .
Some argue that sleep might support memory consolidation by merely providing passive isolation from sensory interruption (14, 15) , a claim that cannot be excluded when external sensory stimulation (such as gentle handling or playing a tone) is the method used to disturb sleep. Traditional methods of sleep deprivation disrupt the composition of sleep [percentage of rapid eye movement (REM) and non-REM (NREM) sleep] at the same time as disrupting sleep quality, sleep continuity, and, in most cases, reducing total sleep duration (8, 16, 17) . Thus, it has not been possible to study the role of a specific characteristic of sleep, such as sleep continuity, in memory consolidation.
Sleep continuity is affected by different neurological conditions, e.g., sleep apnea, aging, and alcoholism (18, 19) . The occurrence of memory deficits in many of these conditions raised the question of whether the continuity of sleep is important for memory consolidation. Without the ability to distinguish between the effects of sleep continuity from that of other sleep characteristics, this question remains unanswered.
If sleep could be fragmented into shorter episodes without the use of sensory stimuli, without inducing stress, and without affecting sleep intensity or total duration, would memory consolidation be impaired? And if so, what is the minimal quantum of uninterrupted sleep required for memory consolidation?
To address these questions we used optogenetics. We optically stimulated hypocretin/orexin (Hcrt) neurons (20, 21) , which participate in the regulation of sleep-wake transitions by setting a threshold for arousal (22, 23) . Previous studies in our laboratory have shown that optogenetic stimulation of Hcrt neurons in sleeping mice increases the probability of sleep-to-wake transitions (24, 25) . However, these stimulations are not effective in inducing arousal when mice are under sleep pressure (25) , suggesting that optogenetic stimulation of these cells does not override the homeostatic regulation of sleep. This is important background information for the current study, which aims to maintain the homeostatic mechanisms of sleep regulation while modifying sleep continuity.
We have used scheduled optogenetic stimulation of the Hcrt cells to disrupt sleep continuity in mice immediately following training in the novel object recognition (NOR) task. By modifying the intervals between these stimulations, we were able to establish a model in which sleep was fragmented, but total sleep amounts, quality, and overall composition were intact. Comparing the effects of stimulation protocols of different frequencies on sleep and on memory consolidation reveals a minimal quantum of uninterrupted sleep required for memory consolidation in mice.
Results

Optogenetic Stimulation of Hcrt Neurons at 60-s Intervals Fragments
Sleep Without Affecting Total Sleep Time. Our aim was to establish a protocol of chronic fragmentation of sleep without affecting other features of sleep including total sleep time. Therefore, we compared different optogenetic stimulation patterns and examined their effects on sleep architecture and total sleep amounts. First, we transduced Hcrt neurons in 8-wk-old C57BL/6 mice using a lentivirus packed with the Hcrt::ChR2-mCherry cassette (ChR2; light sensitive Channelrhodopsin-2 cation channel; mCherry; Red fluorescent protein). As a control, we transduced mice with virus expressing the fluorescent proteins but lacking the ChR2 coding sequence (Hcrt::mCherry). On the basis of our previous data (24, 26) , sufficient ChR2 expression is achieved after 3 wk (>95% of Hcrt neurons transduced with the lentivirus). We stimulated Hcrt neurons using a laser diode directed to the lateral hypothalamus (Fig. 1A) . Each stimulus was 10 s of light pulses (20 Hz, 20 mW, 477 nm). Stimuli of these characteristics were previously reported to efficiently decrease latency to arousal compared with lower frequencies (24) . Moreover, in vitro this stimulation protocol reliably induces an action potential with each pulse of light, whereas stimuli above 20 Hz do not (24) . To determine the interstimulus interval that would enable sleep fragmentation without affecting total sleep time, we delivered the stimulations either every 30 s or every 60 s over 4 h beginning 1 h after light onset (stimulations start at 10:00 AM). Control mice that were transduced with virus not expressing ChR2, were stimulated at 60-s intervals.
To achieve maximal sensitivity in quantifying microarousal events induced by the Hcrt stimulation, events of decreased electroencephalographic (EEG) delta power coupled with increased electromyographic (EMG) activity that lasted <2 s were defined as microarousals (an example is provided in Fig. S1 ) and counted as a transition to wake. We analyzed the degree of sleep fragmentation (indicated by the number of transitions to wake), NREM sleep, and REM sleep episode duration, the duration of wake, and the total amount of time spent in these vigilance states. We found that stimulation at both 30-or 60-s intervals significantly increased the number of transitions from both NREM and REM sleep to wake in the ChR2 mice [one-way ANOVA F(2,22) = 20.45, P < 0.0001; Tukey's post hoc comparisons P < 0.0001 for the 30 and the 60 s, each compared with the control; Fig. 1B ]. The increased number of transitions to wakefulness was accompanied by a change in the mean NREM sleep episode duration, which was shortened in both protocols [one-way ANOVA F(2,22) = 28.45, P < 0.0001; P < 0.0001 for the 30 and the 60 s compared with the control; Fig. 1C ]. The duration of REM sleep episodes was not significantly altered by the stimulation (one-way ANOVA P = 0.215; Fig. 1D ). This is in agreement with other studies indicating that once REM is initiated, it may be less sensitive to interruption than NREM sleep (27) . Along with the increase in the number of transitions to wake, stimulation of the ChR2 mice every 60 s reduced the duration of wake episodes [ Fig. 1E ; one-way ANOVA F(2,22) = 8.206, P = 0.0022; Tukey's post hoc comparisons P < 0.001 for the 60 s compared with control]. These changes of increased fragmentation and decreased wake duration offset each other, so the 60-s stimulation protocol did not affect the overall percentage of time spent awake in the ChR2 mice. In contrast, the 30-s stimulation protocol significantly increased the percentage of wake time [one-way ANOVA F(2,22) = 6.947, P = 0.046 and To assess whether these stimulation protocols induced sleep debt, we examined sleep recovery after the stimulation sessions. We found sleep rebound in the ChR2 mice that were stimulated every 30 s, indicated by a decrease in the time spent awake. This decrease was limited to the first hour following the stimulation. Following the 60-s stimulation protocol, no significant change in sleep/wake time was seen even during the first hour after the stimulation [ Fig. 1I ; one-way ANOVA F(2,22) = 22.89, P < 0.0001 with Tukey's post hoc comparisons P < 0.0001 30 s compared with control and between 30 and 60 s]. Taken together, these findings demonstrated that the 60-s stimulation protocol disrupted sleep continuity, but it did not have an effect on total sleep time or on amounts of NREM and REM sleep. In contrast, the 30-s stimulation protocol had a small effect on total sleep time and the overall composition of sleep. Therefore, we focused on the 60-s protocol and further investigated its relevance as a tool to specifically disrupt sleep continuity.
The Quality of NREM and REM Sleep Is Not Affected by Hcrt
Stimulation at 60-s Intervals. To examine whether the 60-s stimulation protocol had an effect on sleep quality, we analyzed the EEG power spectra of control and ChR2 mice during NREM and REM sleep. We performed fast Fourier transformation (FFT) analysis to obtain the EEG power of each frequency bin between 0.4 and 20 Hz and normalized it to total power. Analysis of NREM and REM sleep in the ChR2 mice showed no effect of the stimulation on the total EEG power or on any individual frequency bin (0.4-20 Hz; two-way ANOVA with Bonferroni correction; Fig. 2 A and B) . The lack of a significant effect of sleep fragmentation on the quality of sleep can be partially explained by the nature of the stimulation-induced arousal events, which were mostly shorter than 2 s (Fig. 2C) . Neverthe- Values are represented as means ± SEM; n = 8-9 in each group. One-way ANOVA (factor "stimulation") was followed by Tukey's multiple comparison test; *P < 0.05, **P < 0.01, ***P < 0.0001.
less, a nonsignificant decrease in the delta frequency band (1-4 Hz; P > 0.05) was present during NREM sleep (Fig. 2A) . To determine whether this decrease represented another effect, which was masked in the overall NREM sleep analysis, we looked at the transitional stages as Hcrt neurons are known to modulate the threshold for transition to wake (22) . We analyzed the EEG spectra during the different transitional stages, namely wake to NREM sleep, NREM to REM sleep, and NREM sleep to wake. We found a significant decrease in the delta frequency band and an increase in the theta frequency band of the ChR2 mice present only during the transition from NREM to REM sleep (Fig. 2D) . As only around 8% of the NREM sleep events result in REM sleep, these transition state effects did not significantly affect the overall NREM spectral analyses, but they may represent an interesting function of Hcrt neurons, a question that is beyond the scope of the present study.
Taken together, these findings show that Hcrt stimulation at 60-s intervals induced frequent microarousals, which affected sleep integrity but did not change total sleep time, the total duration of the sleep stages, or sleep quality.
Stress-Related Factors Are Not Affected by Hcrt Stimulation at 60-s
Intervals. One of the major problems for studying the effects of sleep on memory consolidation is the need to distinguish the functional impact of absence of sleep from nonspecific effects of many sleep deprivation protocols (e.g., stress) that can affect memory (11, 12, 28) . We examined stress indicators to exclude the possibility that stimulation of Hcrt neurons in our paradigm induces stress. We analyzed corticosterone (CORT) levels in the plasma of ChR2 mice and compared those to the levels in control mice, stimulated in the same 60-s protocol for 4 h. There was no significant difference between the two groups. As a control for our assay, we used plasma from mice restrained for 15 min [one-way ANOVA F(2,8) = 13.84, P = 0.0025; Tukey's post hoc comparisons; P < 0.01 restraint stress compared with the control; Fig. S2A ].
The open field test characterizes the behavioral responses of mice that are placed in a novel arena: a stressful experience, and can therefore reveal individual differences in fear and anxiety (29) We assessed memory consolidation using the NOR paradigm (Fig. 3A) , which takes advantage of an animal's tendency to explore novelty and does not require exposure to aversive stimuli. In this task, the mouse is trained in an arena with two similar objects. The mice usually explore the two objects equally, and mice that demonstrate over 65% preference for one object in the training session are excluded from the experiment (such object bias was evident in less than 10% of the examined control and ChR2 mice). Twenty-four hours after the training session, the mouse is returned to the arena where one of the familiar objects has been replaced with a new object. If the mouse spends more time during this testing session with the novel object, it is considered an indication that the mouse remembered the other, familiar object. The effects of sleep on memory consolidation in this task have been extensively characterized (30, 31) and suggest that 3 to 6 h of sleep during the light period immediately following training is crucial for memory consolidation (30, 32) . In the present study, the training session took place 30 min after light onset (9:30 AM; Fig. 3A ). We stimulated a group of ChR2 and control mice every 60 s during their first 4 h of sleep following the training (10:00 AM-2:00 PM). Optogenetic Hcrt stimulations significantly reduced the performance of the ChR2 mice; they did not explore the novel object longer than the familiar one as the controls did [Student's t test; t(16) = 4.115; P = 0.0008; Fig. 3 B and C] . This change in performance was not due to an increase in the motor activity of the ChR2 mice [Student's t test; t(16) = 0.1174; P = 0.908] or the speed of movement [Student's t test; t(16) = 0.5684; P = 0.5777]. To examine whether this decrease in performance was Hcrt dependent, we injected ChR2 and control mice with the Hcrt Receptor1 antagonist (SB334867; 10 mg/kg) immediately after their training, before the stimulation session. Mice in the control group showed no effect of the antagonist on their performance, distinguishing between the novel and familiar objects. ChR2 mice that were injected with vehicle continued to show a memory deficit, whereas ChR2 mice receiving the HcrtR1 antagonist did not [one-way ANOVA F(2,19) = 10.17, P = 0.001; Tukey's post hoc comparisons; P < 0.05 vehicle ChR2 mice and P < 0.001 antagonist ChR2 mice both compared with the control; Fig. 3D ]. The duration of each arousal event was determined by specific scoring in 2-s intervals. These events were divided into three categories: events shorter than 2 s, events between 2 and 10 s, and events longer than 10 s. The percentage of each category out of the total events was determined and shown here as a comparison between control and ChR2-expressing mice, both stimulated at the 60-s paradigm. Two-way ANOVA (factors "stimulation" and "wake duration") with Bonferroni correction was used to determine the significance of the data. (D) Relative power densities (mean ± SEM) for transitional stages between NREM and REM sleep (12 s of NREM before the presence of stable REM sleep). Two-way ANOVA (factors "stimulation" and "frequency") with Bonferroni correction (n = 6-7 mice per group; *P < 0.05, **P < 0.01, ***P < 0.0001).
Next we wanted to exclude the possibility that the effect on memory consolidation was mediated by Hcrt activity independent of its disruption of sleep continuity. A previous study showed that memory consolidation in the NOR task depends on sleep during the light phase but not during the dark phase when mice are typically more active (31) . We therefore repeated the experiment during the dark phase beginning the training 30 min after dark onset (9:30 PM) followed by the 4 h of stimulation (10:00 PM-2:00 AM). We used ChR2 mice and control mice, both stimulated every 60 s. These stimulations during the dark phase had no effect on memory performance, as the mice were able to distinguish between the novel and the familiar objects [Student's t test; t(11) = 0.4515; P = 0.6604; Fig. 3E ].
Memory Consolidation Is Impaired by Hcrt Stimulation at 60-s
Intervals but Unaffected at 120-s Intervals. As shown in Fig. 1 , stimulations every 30 s had a different effect on the number of wake episodes and on the total wake duration compared with stimulations every 60 s. We therefore wanted to extend our range of stimulation intervals to 120 and 240 s (Fig. 4A ) and compare the effects on memory. The 30-s stimulation protocol, similar to the 60-s intervals, impaired performance in the NOR task. In contrast, the 120-and 240-s stimulation protocols did not impair memory consolidation [one-way ANOVA F(4,33) = 6.331, P = 0.0007; Tukey's post hoc comparisons; P < 0.01 for the 30-and 60-s stimulation compared with the control; Fig. 4B ]. This result suggested that a property of sleep required for memory consolidation can be quantitatively characterized through a comparison of sleep architecture in the 60-s and 120-s stimulation protocols. (Table S1) . Similarly, neither protocol had a significant effect on total percentage of time spent in REM sleep or on the duration of each REM sleep episode (Table S1 ). The EEG spectral power during NREM and REM sleep was similar in the 60-and the 120-s stimulation protocols (Fig. 5 A and B) . The change we previously observed during the transitional stages from NREM to REM sleep (Fig. 2C) in the 60-s stimulation protocol was evident in the 120-s protocol as well (Fig. 5C ). The main difference between the effects of the two protocols was in the extent of sleep fragmentation, which was reflected in a change in the mean duration of NREM sleep episodes, but not in the overall time spent in NREM sleep.
Although the 120-s stimulation protocol fragmented sleep, significantly increasing the number of wake events, it did so to a lesser extent than the 60-s stimulation protocol (Table S1 and Fig. S3 ). The NREM sleep bout duration decreased in both protocols compared with control (62 ± 2.9 s in the control; 38 ± 3.5 s in the 60 s and 45 ± 4.3 s in the 120 s), representing 62 and 73% of the control bout duration in the 60-and 120-s paradigms, respectively. To verify that the integrity of sleep is indeed correlated with the impact on memory performance, we plotted performance as a function of the sleep integrity (number of transitions to wake). We found a significant correlation between the two factors (Fig. 5D ). For comparison, the correlation (within the same population of mice) between total sleep time and memory performance was not significant (Fig. 5E) . Furthermore, average duration of wake episodes was not significantly correlated with the performance (r 2 = 0.01287; P = 0.7398). However, percentage of short wake episodes (<2 s) significantly correlated Fig. 3 . Hcrt stimulation every 60 s impairs performance in the novel object recognition task via a sleep-dependent mechanism. (A) Schematic representation of the behavioral paradigm. At the training session on the first day (9:30 AM) mice (ChR2 mice and the controls) were given 10 min to adapt to an open field arena followed by 5 min to explore two similar objects placed in the same open arena. At the end of the session, the optic fibers were inserted and mice were stimulated during their resting phase for 4 h every 60 s. At the testing session 24 h later, mice were reexamined in the same arenas with one of the previously encountered objects replaced with a novel one. (B) Representative videographs of the overall pathway of a mouse in a testing session determined automatically by the Viewpoint Videotrack system. Red lines represent movements and green dots indicate pauses in movement. Differences in exploration of the novel (N) and the familiar (F) object are evident (the intensity of green dots around the circled areas) in the control but not in the ChR2 mice (stimulated every 60 s). (C-E) Percentage of time spent exploring each object (novel or familiar) was determined. Student's t test was used to determine whether they are significantly different (for each group of mice; n = 8-10 per group). Significance is indicated by asterisks above the statistically significant groups. Difference in novel object explorations between groups is indicated above the lines connecting statistically significant groups (Student's t test in C and E and one-way ANOVA in D). (C) Novel object exploration in the control and ChR2 mice stimulated every 60 s (mean ± SEM). (D) Exploration of novel object in three groups of mice (control or ChR2 mice) that were injected immediately after the acquisition session with either the Hcrt receptor 1 antagonist (SB334867, 10 mg/kg i.p.) or vehicle alone as indicated in the figure. All mice were stimulated in the same paradigm of 60-s intervals (n = 7-8 per group). (E) Dark phase; control and ChR2 mice were exposed to the training session with dark onset (9:30 PM) instead of the onset of light as shown in C. The testing session took place again, 24 h later (n = 6-7 per group). ***P < 0.001. Fig. 4 . Hcrt stimulation at different intervals differentially affects performance in the novel object recognition task. (A) Schematic representation of the behavioral paradigm. The same paradigm as described in Fig. 4 was used but Hcrt stimulations were introduced in four different intervals (schematic view). (B) Percentage of novel object exploration (out of the total time) for each mouse is shown (n = 6-9 per group). The red lines represent means ± SEM; one-way ANOVA (**P < 0.01).
with performance (r 2 = 0.4175; P = 0.0038), indicating the crucial role of uninterrupted sleep for memory consolidation.
Discussion
We have established a method to modify sleep continuity without inducing sensory stimulation or altering sleep duration, intensity, and composition. We used optogenetic stimulation of Hcrt neurons during sleep to fragment sleep at different intervals. Comparing the effects of 60-s and 120-s stimulation protocols on sleep and on memory performance revealed a minimal quantum of uninterrupted sleep required for memory consolidation.
The continuity of sleep is an especially intriguing feature as it poses a major challenge from an evolutionary point of view; continuous, undisrupted sleep exposes the organism to prolonged periods of inactivity and sensory unresponsiveness to the surrounding environment. As these are significant disadvantages, the evolutionary selection in favor of continuous sleep over fragmented episodes indicates that the continuity of sleep may be relevant to specific brain functions.
Hcrt neurons are thought to participate in the homeostatic regulation of sleep by increasing the probability of arousal without inducing immediate waking. Targeting this relatively subtle inducer of arousal enables the homeostatic sleep regulatory mechanisms to integrate the extrinsic pressure for awakening induced by Hcrt stimulation with the intrinsic pressures for specific sleep intensity and composition (23, 33) . This utilization of an endogenous mechanism of sleep regulation provides an explanation for the relatively specific effect on sleep continuity that we observe in the present study, compared with previous reports (8, 16, 17) .
The effects of the stimulation were dependent on Hcrt signaling, shown here by the use of the HcrtR1 antagonist SB334867 before the photostimulation, which inhibits the photostimulation effect for both NREM and REM sleep-to-wake transitions (24, 25) . However, it is important to emphasize that SB334867, although known mostly as a HcrtR1 antagonist can also block HcrtR2, although less effectively.
Our data suggest that fragmentation of sleep induced by Hcrt stimulation causes impairment of memory consolidation. An alternative explanation is that the Hcrt has a direct effect on the memory consolidation processes and is not acting through its effects on sleep continuity. We believe this possibility is unlikely because it has been shown that elevating Hcrt levels by i.v. injection improves learning and memory despite sleep deprivation (34) , and application of Hcrt to a hippocampal slice preparation increases long term potentiation (35) . Thus, any direct effects of Hcrt on learning would be more likely to augment than to impair it.
Hcrt stimulations did not impair memory when delivered during the dark phase of the daily rhythms. A possible explanation of this result is that the activity of the Hcrt cells was already maximal during the dark phase, and the stimulation did not significantly increase it. However, it has been shown that optogenetic stimulation of Hcrt cells can induce arousal during both light and dark cycles (25) . Our study does not explain why the effects of Hcrt stimulation were circadian phase dependent; however, these results are compatible with previous findings (31) .
The chronic stimulation of Hcrt neurons resulted in a stable frequency of arousal events throughout the 4 h of stimulation. Nevertheless, it is possible that other aspects were affected throughout this chronic stimulation paradigm, such as changes in blood flow or heating of the stimulated brain region. Although the control mice received exactly the same stimulation protocol, we cannot exclude the possibility that the expression of ChR2 changed the sensitivity of these neurons to local heating or other effect resulting from the stimulation. Moreover, a number of variables including hormones and neurotransmitters change as a result of any sleep manipulation. These variables could potentially affect memory consolidation. We focused on stress and specifically on CORT (as an indicator of stress), because it has been shown to increase with prolonged sleep disruption (4, 11, 12) . We did not see a change in CORT levels after 4 h of optogenetic sleep fragmentation. However, because CORT levels fluctuate during sleep, we cannot exclude temporal changes in CORT levels within the 4 h of stimulation.
In addition to the fragmentation of sleep, we observed an effect of the stimulations on the spectral profile of the EEG during transitional stages between NREM and REM sleep. These changes are not likely to account for the effect on memory consolidation, as they were evident in both the 60-and the 120-s stimulation patterns, which differentially affected memory. Nevertheless these results imply that additional features of sleep can be systematically studied by modulating different parameters of the stimulations.
None of the examined stimulation paradigms induced a significant effect on REM sleep. This is possibly due to the fact that REM sleep constitutes a relatively small amount of total sleep time and therefore the Hcrt stimulations that occurred during REM episodes were correspondingly limited. However, even in the 30-s stimulation protocol in which there was a statistically higher probability that stimulations coincided with REM bouts, we still did not observe REM sleep fragmentation. We assume that REM bouts are simply more resistant to interruption than are NREM bouts. It has been shown previously that once REM sleep is initiated, it is more stable to interference than NREM sleep (27) .
The nature of the arousal events induced by the optogenetic Hcrt stimulation emphasizes the importance of sleep continuity for memory consolidation. Most of the arousal events were shorter than 2 s, and the mice immediately recovered the lost slow wave activity during subsequent NREM sleep. Although similar microarousal events occur also in normal sleep, the increase in their frequency as a result of the stimulations, correlated with the decrease in memory performance. The correlation between sleep continuity and memory performance was statistically significant, whereas the correlation between sleep duration and memory performance was not. We do not interpret these results to imply that sleep duration is not important for learning and memory. This study was not designed to test that proposition, and the range of sleep durations in our study was very small as our aim was to maintain sleep duration intact.
Different lines of evidence suggest a role for sleep continuity in memory consolidation. Sleep continuity is one of the main factors affected in various pathological conditions that impact memory, including Alzheimer's (19) and other age-related cognitive deficits (18, 36) . Patients with sleep disorders such as obstructive sleep apnea experience sleep fragmentation and memory deficits, although their overall sleep duration is normal (37) . These pathological conditions have wide-ranging effects beyond the disruption of sleep continuity; therefore, they cannot be considered direct evidence of a causal relationship. However, the present study suggests that the compromised continuity of sleep, or potentially the arousal events themselves, may account for some of the memory deficits associated with these pathological conditions.
One interpretation of the role of sleep continuity in memory consolidation is related to the replay phenomenon. The transfer of information from the hippocampus to the neocortex occurring during sleep (38) may bring the memory into a labile state. This is supported by recent studies showing that interference with the replay sequence without affecting sleep results in impaired memory consolidation (39, 40) . We suggest that sleep interruption may similarly cause memory loss if it interferes with the replay or the replay-related events.
Taken together, we demonstrate a nonstressful, nonpharmacological means of manipulating a specific feature of animal sleep through the activation of endogenous arousal mechanisms. Using an optogenetic strategy, we were able to modulate a single property of sleep, leaving other aspects of sleep undisturbed. We show that sleep continuity independent of sleep amount is critical for learning and memory in mice and suggest the existence of a minimal length of continuous NREM sleep necessary for memory consolidation.
Materials and Methods
Full methods and associated references are presented in SI Materials and Methods. The optogenetic methods used were previously described (24) . Preparations of the animals for EEG/EMG recording, methods of data acquisition and processing, and subsequent off-line analysis were as described by Colas et al. (36) .
